Introduction {#Sec1}
============

Shortly after birth, mammals begin to suckle their mother's nipple and drink breast milk, whose nutrition is adapted for the optimal growth of early neonates. Then they begin to eat foods of environmental origin and become completely dependent on environmental food for nutrition. This shift in feeding habits, called weaning, is a fundamental growth process of postnatal mammals during which they shift from mother-dependent to mother-independent sustainment of life^[@CR1]--[@CR3]^. The time course of weaning has long been documented in rats. Rat pups begin to consume environmental food such as food pellets typically around the third week after birth, during which suckling of the mother's nipple and consumption of environmental food co-exist. Thereafter, food eating gradually replaces milk suckling and rats become independent from their mother within 1 month of birth^[@CR4]--[@CR7]^. Weaning is considered to be a learning process. The identification of edible objects mostly depends on experience, and food experience at a younger age evokes personal food preferences, which are generally maintained throughout life^[@CR8]^. Despite the importance of weaning for animals' food-eating life, the underlying neural mechanisms for the shift in feeding habits are not well understood.

Food-eating behaviour is highly dependent on chemical senses. Animals search for food via odour cues, and judge whether to accept or reject objects by integrating odour, taste and oral tactile sensations^[@CR9]^, which indicates the crucial role of olfaction in the acquisition of food-eating behaviour. In other words, olfaction is tightly coupled with the induction of motivated behaviours such as food seeking and food consumption. Preferred food odour from the external environment elicits attractive motivated behaviours^[@CR10]^. Thus, the knowledge of neural circuit mechanism that translates food odour information to eating-related attractive motivated behaviours seems to be the key to understanding the acquisition of food-eating behaviour during weaning process.

Recent advances in studies of the olfactory cortex have highlighted the olfactory tubercle (OT) as a candidate structure that links odour cues to motivated behaviours^[@CR11]--[@CR13]^. Because the OT receives direct inputs from the olfactory bulb, the first relay centre of olfactory information processing, it is a part of the olfactory cortex^[@CR14]^. In addition, the OT contains medium spiny neurons as principal neurons that receive massive dopaminergic inputs from the midbrain, and constitutes a ventral striatum with the nucleus accumbens^[@CR11]--[@CR13],[@CR15]--[@CR17]^. In line with these structural properties, functional studies have supported the notion that the OT is involved in the translation of sensory signals into various motivated behaviours^[@CR18]--[@CR23]^.

We previously showed that the OT has domain structures that represent odour-induced motivated behaviours in mice. By associating an odour with a food reward or electrical foot shock punishment, mice learn to exhibit attractive or aversive behaviours, respectively, to the learned odour. Importantly, c-fos activation occurs preferentially in the anteromedial domain of the OT during learned odour-induced food seeking behaviour, whereas preferential c-fos activation occurs in the lateral domain during learned odour-induced aversive behaviour^[@CR24]^. This observation raises the question of whether the OT, particularly the anteromedial domain, is involved in the postnatal acquisition of food-eating behaviour during the weaning process.

In contrast to observations in rats, detailed analyses of the weaning process in mice have been limited. While rats begin to consume food pellets at approximately P17 and cease to consume mother's milk at approximately P27^[@CR4]--[@CR7]^, timing of these shifts in feeding behaviour is not well addressed in mice. Here, we examined the weaning process of mice in detail and compared its time course with that of OT domain development. The results indicate that the structural and functional development of the anteromedial OT domain occurs concomitantly with the shift of feeding habits during weaning process.

Results {#Sec2}
=======

Shift in feeding behaviour during the postnatal period {#Sec3}
------------------------------------------------------

We first examined the time course of feeding habit shift of postnatal C57BL/6 mice from mother's milk to environmental food. Mice at different postnatal ages were individually housed in a new cage for 6--16 h depending on the age (see Methods), without their mothers or food pellets, and assigned to two groups. One group of mice was presented with their mother under anaesthesia, and feeding behaviour was evaluated by attachment to the mother's nipple. The second group of mice was presented with food pellets, and feeding behaviour was evaluated by the consumption of food pellets. For both groups, the behaviours of P8, P15, P21, P27, and P56 mice (n = 10 for each condition) were examined for 30 min following delivery of lactating mothers or food pellets.

All P8 and P15 mice approached the mother's nipple and attached within 30 min of delivery of the lactating mother (Fig. [1A](#Fig1){ref-type="fig"}, left panel, blue line). Active suckling with the appearance of milk in the stomach were confirmed in all mice by dissecting the stomach following the behavioural analysis and sacrifice under deep anaesthesia (data not shown). By contrast, only three mice at P21 and no mice at P27 or P56 attached to the mother's nipple. In the case of food pellet delivery (Fig. [1A](#Fig1){ref-type="fig"}, left panel, red line), P8 mice did not exhibit pellet-eating behaviour. Seven P15 mice consumed food pellets within the test period, and all mice at P21, P27, and P56 consumed food pellets. All mice at P8 and three P15 mice, which showed no pellet-eating behaviour, did not even approach the food pellet.Figure 1Access to and growth dependence on feeding objects in postnatal mice during the weaning period. (**A**) Feeding behaviour following delivery of lactating mothers or food pellets. An anaesthetised mother or food pellet was presented and behaviour was observed for 30 min. Left panel, number of mice that suckled nipples or consumed food pellets examined at different ages (n = 10). Middle and right panels, latency to the first approach to feeding objects. Latency to lactating mothers (middle) and food pellets (right) are shown. Data represents the mean ± standard deviation (SD). ^\*\*\*^p \< 0.001 (one-way ANOVA with *post hoc* Tukey's test). (**B**) Volume of food pellets consumed each day, starting at postnatal day 8 (P8; left), P15 (middle), and P21 (right) in individual housing conditions. Data represents the mean ± SD (n = 5). (**C**) Comparison of body weight under maternal deprivation and a control condition housed with the mother. Data represents the mean ± SD (n = 5). ^\*\*^p \< 0.01; ^\*\*\*^p \< 0.001; ns, not significant (n = 5, two-way ANOVA with *post hoc* Tukey's test).

Latency to the first approach to the mother's nipple or food pellets during the 30 min of delivery was also examined. Latency to the nipple approach of mice at P8, P15 and P21 mice was mostly less than 3 min, which was not statistically different among different ages (Fig. [1A](#Fig1){ref-type="fig"}, middle panel). Latency to the food pellet approach of mice at P15 was about 10 min on average and that at P21, P27 and P56 was about 3 min on average, where the latency of P15 mice was significantly longer than that of older mice (Fig. [1A](#Fig1){ref-type="fig"}, right panel).

These observations indicated that P8 mice exhibited only milk-consuming behaviour, P15 and P21 mice showed both milk- and food pellet-consuming behaviours, and P27 and P56 mice exhibited only food pellet-consuming behaviour. This time course of shift in feeding behaviour is similar to previous observations in rats^[@CR3]--[@CR7]^. In addition, the longer latency to food pellet approach of P15 mice raised the possibility that food-pellet eating behaviour was under development at this period.

Next, we addressed the question of to what extent mice in different postnatal ages depended on environmental food for nutrition, by observing their feeding behaviour and growth over days. P8, P15, or P21 mice were individually transferred to new test cages followed by delivery of food pellets. The mice were housed in the test cage for several days, and the amount of food pellets consumed (Fig. [1B](#Fig1){ref-type="fig"}) and body weight (Fig. [1C](#Fig1){ref-type="fig"}) were measured daily. P8 mice did not consume food pellets until at least P12 (Fig. [1B](#Fig1){ref-type="fig"}, left panel). During this period, their body weight declined to an average of approximately 70% of the initial body weight (Fig. [1C](#Fig1){ref-type="fig"}, left panel). P15 mice consumed a small amount of food pellets on the first day, and the amount consumed increased progressively (Fig. [1B](#Fig1){ref-type="fig"}, middle panel). The body weight of P15 mice declined during the first 3 days and then began to increase, but did not catch up with control mice until at least P21 (Fig. [1C](#Fig1){ref-type="fig"}, middle panel). In contrast, P21 mice consumed a significant amount of food pellets on the first day and thereafter, and their body weight increased in a similar manner as control mice (Fig. [1B,C](#Fig1){ref-type="fig"}, right panels). These observations indicated that food pellets were not a source of nutrition at all for P8-P12 mice, and that food pellets were not a major source of nutrition even for P15 mice while they began to develop food-eating behaviour. On the other hand, P21 mice showed significant food-eating behaviour and obtained sufficient nutrition from food pellets.

Then we examined which object, lactating mothers or food pellets, is the major attractant for postnatal mice by simultaneous presentation of the two objects. Mice at different postnatal ages were individually housed in a new cage for 6--16 h without mothers or food pellets and presented with the lactating mother and food pellets simultaneously (Fig. [2](#Fig2){ref-type="fig"}). The length of time of attachment to the mother's nipple or pellet eating was measured during the 30 min test period (n = 10 for each condition). All P8 and P15 mice attached to the mother's nipple during most of the test period, whereas they showed almost no pellet-eating behaviour (Fig. [2A](#Fig2){ref-type="fig"}). By contrast, significant pellet-eating behaviour was observed for P21 mice. Among the 10 mice, 6 exhibited pellet-eating behaviour but no attachment to the mother's nipple, and 2 exhibited both pellet-eating behaviour and nipple attachment. The remaining two mice were exclusively attached to the mother's nipple. In P27 mice, pellet-eating behaviour further dominated, similar to P56 adult mice.Figure 2Feeding shift from mother's milk to food pellets between P15 and P21. (**A**) Time spent suckling mother's nipple and eating pellets during feeding object presentation (30 min). An anaesthetised mother and food pellet were simultaneously presented. Each plot represents the data of one mouse (n = 10). (**B**) Statistical comparison of the time spent nipple suckling (left) and pellet eating (right). Data represents the mean ± SD. ^\*\*\*^p \< 0.001; ns, not significant (n = 10, one-way ANOVA with *post hoc* Tukey's test).

Quantification of the time length of feeding behaviour (Fig. [2B](#Fig2){ref-type="fig"}) showed that attachment to the mother's nipple was evident at P8 and P15, declined at P21, and was nearly absent at P27 (Fig. [2B](#Fig2){ref-type="fig"}, left). By contrast, pellet-eating behaviour was not evident at P8 and P15, and only observed at P21 and later (Fig. [2B](#Fig2){ref-type="fig"}, right). Thus, the simultaneous presentation of the two feeding objects indicated that P8 mice were exclusively attracted to the mother's nipple, P15 mice were more attracted to the mother's nipple, P21 mice were more attracted to food pellets, and P27 and P56 mice were almost exclusively attracted to food pellets.

Collectively, these observations demonstrated the time course of the postnatal shift in feeding behaviour. P8 mice depended exclusively on the mother's milk for nutrition and had not yet developed food-eating behaviour. P15 mice began to show food-eating behaviour, although they mostly depended on the mother's milk for nutrition and were more attracted to lactating mothers than food pellets. P21 mice showed significant food-eating behaviour, obtained sufficient nutrition from food pellets, and were more attracted to food pellets than lactating mothers. P27 and P56 mice were exclusively attracted to food pellets and depended solely on food pellets for nutrition.

Structural development of the OT during the postnatal period {#Sec4}
------------------------------------------------------------

Then we examined the structural development of the OT during the postnatal period. In adult mice, the OT has a three-layered cortex-like structure where medium spiny neurons are aligned to constitute a middle layer. The adult OT is divided into several compartments by cell-dense structures called cap compartments and the Islands of Calleja^[@CR12],[@CR16],[@CR24]--[@CR26]^. The cap compartments consist of densely packed small-sized medium spiny neurons and are distributed at the superficial portion of the lateral OT^[@CR16],[@CR26]^. The islands of Calleja, which contain densely packed granule cells and local interneurons, are distributed across wide areas of the OT^[@CR12],[@CR24],[@CR25]^. Using these cell-dense structures as landmarks, we previously defined four domains of the cortex-like structures in the adult OT; i.e., anteromedial, lateral, central, and posterior domains^[@CR24]^. The cap compartments and the Islands of Calleja can be discriminated by location as well as by molecular expression. Medium spiny neurons in the cap compartments express DARPP-32, a signalling molecule downstream of dopamine receptors^[@CR27]^, whereas granule cells in the Islands of Calleja are negative for DARPP-32^[@CR24]^.

Coronal sections of the OT at various postnatal periods were prepared and examined for the compartmentalised structure (Fig. [3](#Fig3){ref-type="fig"}). Fluorescent Nissl staining indicated that the OT of P3 mice showed a three-layered structure with cell-dense structures, similar to the adult OT. DARPP-32 immunoreactivity was already evident in the OT of P3 mice, which enabled identification of the cap compartments and Islands of Calleja and revealed the compartmentalised structure including the four cortex-like domains, the lateral cap compartment, and the superficial and deep Islands of Calleja as shown in a two-dimensional flattened map (Fig. [3A](#Fig3){ref-type="fig"}). OT compartments were also evident in P8 and P15 mice (Fig. [3A](#Fig3){ref-type="fig"}). The overall compartmentalised OT structure during these postnatal periods was similar to that of adult mice at P56, which suggests that the compartmentalised structure of the OT developed early and was present before the start of weaning.Figure 3Domain structures of the postnatal OT and postnatal maturation of the anteromedial OT domain. (**A**) Reconstruction of the cap compartment, Islands of Calleja, and cortex-like domain of the OT at P3, P8, P15, and P56 in the left hemisphere (dorsal view). Orange, cap compartment; magenta, superficial Islands of Calleja; purple, deep Islands of Calleja; green, anteromedial cortex-like domain; yellow, lateral cortex-like domain; cyan, central cortex-like domain; blue, posterior cortex-like domain. (**B**) Molecular expression in the OT domains. The panels are coronal sections of the OT at postnatal periods indicated. Top row, NeuroTrace staining; second row from top, immunostaining for DARPP-32; middle row, merged view of NeuroTrace (green) and DARPP-32 (red). Second row from bottom, *in situ* hybridisation for dopamine receptor type 1 (D1) mRNA; bottom row, dopamine receptor type 2 (D2) mRNA. Scale bars: 200 μm. A, anterior; P, posterior; L, lateral; M, medial; D, dorsal; V, ventral.

In contrast to the early structural development, analyses of molecular expression revealed early neonatal immaturity and postnatal maturation of OT compartments. DARPP-32 immunoreactivity was present but weak in P3 mice, particularly in the medial part of the OT (Fig. [3B](#Fig3){ref-type="fig"}). Compartment-based quantification showed that, while cell density was equivalent among the different cortex-like domains from as early as P3 (Fig. [4A](#Fig4){ref-type="fig"}), the intensity of DARPP-32 immunoreactivity was remarkably weaker in the anteromedial cortex-like domain at P3 (Fig. [4B](#Fig4){ref-type="fig"}) compared with other three domains. The DARPP-32 immunoreactivity in the anteromedial domain increased to the level comparable to the other three domains at P8 and later. Furthermore, dopamine receptor type 1 (D1) mRNA expression was significantly weaker in the anteromedial cortex-like domain at P3, and this weaker expression in the anteromedial domain continued until P8 (Figs [3B](#Fig3){ref-type="fig"} and [4C](#Fig4){ref-type="fig"}). On the other hand, dopamine receptor type 2 (D2) mRNA expression in the anteromedial domain was not significantly different from other cortex-like domains throughout the observed period (Figs [3B](#Fig3){ref-type="fig"} and [4D](#Fig4){ref-type="fig"}).Figure 4Quantification of the postnatal development of the OT compartments. The OT was divided into four cortex-like domains, cap compartment, superficial Islands of Calleja (ICj), and deep ICj. In each compartment, the density of NeuroTrace (+) cells (**A**,**E**), intensity of DARPP-32 immunoreactivity (**B**,**F**), intensity of D1 mRNA signal (**C**,**G**), and intensity of D2 mRNA signal (**D**,**H**) are shown. (**A**--**D**) Quantification in cortex-like domains. (**E**--**H**) Quantification in cap compartment and ICj. Data represent the mean ± SEM. Statistical significance was calculated using one-way ANOVA with *post hoc* Tukey's test to compare signal intensity among the four cortex-like domains (n = 3). ^\*^p \< 0.05; ^\*\*^p \< 0.01; ^\*\*\*^p \< 0.001.

These observations imply that functional maturation of the OT occurs during the postnatal weaning period. In particular, development of the anteromedial cortex-like domain might be delayed at P3 and P8 compared to the remaining 3 domains. On the other hand, cap compartments and the Islands of Calleja appeared to have been well developed at birth, based on cell density and molecular expression (Fig. [4E--H](#Fig4){ref-type="fig"}).

Activation of OT domains during food-eating behaviour in postnatal mice {#Sec5}
-----------------------------------------------------------------------

We previously showed in adult mice that increase in c-fos mRNA expression occurs preferentially in the anteromedial OT domain when mice showed odour-induced food-expecting, attractive behaviour^[@CR24]^. Therefore, we examined the c-fos activation in individual domain of the OT in postnatal mice during food-eating behaviour. Mice at different postnatal ages were individually housed in a new cage for 6--16 h without their mothers or food pellets, followed by delivery of food pellets. After 30 min of observation, the mice were perfusion-fixed and c-fos mRNA expression in individual domain was analysed. Mice not presented with food pellets were analysed as controls.

As shown in Fig. [1](#Fig1){ref-type="fig"}, P8 mice did not eat or approach the food pellets during the test period. c-fos mRNA expression was weak in all of the cortex-like OT domains in P8 mice with or without food pellet presentation (Figs [5](#Fig5){ref-type="fig"} and [6A](#Fig6){ref-type="fig"}). In the case of P15 mice presented with food pellets (n = 7), three mice did not eat or approach the food pellets, while the remaining four mice approached and ate the food pellets. c-fos mRNA expression was weak in all of the cortex-like OT domains in the mice that did not approach the food pellets, similar to control mice (P15, green dots; Fig. [6A](#Fig6){ref-type="fig"}). By contrast, in the mice that ate the food pellets, c-fos mRNA expression was significantly increased in the OT (P15, red dots; Figs [5](#Fig5){ref-type="fig"} and [6A](#Fig6){ref-type="fig"}). The increase in c-fos activation occurred not only in the anteromedial cortex-like domain but also in the lateral and central cortex-like domains. Moreover, the increase in the lateral domain was more prominent compared to that in the anteromedial domain (P15, red dots; Fig. [6A](#Fig6){ref-type="fig"}).Figure 5c-fos activation in the OT following access and consumption of food pellets in postnatal mice. Mice at various postnatal periods were presented with food pellets for 30 min and activation of the OT was examined by c-fos mRNA expression. The panels show the distribution of c-fos (+) cells in a coronal section of the anterior OT counterstained with nuclear fast red at P8, P15, P21, P27, and P56. L, lateral; M, medial; D, dorsal; V, ventral. Scale bar: 200 μm.Figure 6c-fos activation in the individual OT compartments following access and consumption of food pellets in postnatal mice. c-fos mRNA expression after 30 min of food pellet presentation was examined in individual compartments of the OT at P8, P15, P21, P27, and P56. (**A**) Density of c-fos (+) cells in the cortex-like domains. Statistical significance was calculated using two-way ANOVA with *post hoc* Tukey's test (n = 4). (**B**) Density of c-fos (+) cells in the cap compartment and Islands of Calleja. Statistical significance was calculated using an unpaired *t*-test for P8, P21, P27, and P56, and one-way ANOVA for P15 (n = 4). Black circles, control mice; green squares, mice that were delivered with pellets but did not access or eat; orange triangles, mice that ate delivered pellets. ^\*^p \< 0.05; ^\*\*^p \< 0.01; ^\*\*\*^p \< 0.001; ns, not significant.

All of the P21 mice presented with food pellets approached the food pellets and exhibited eating behaviour, and c-fos mRNA expression significantly increased in the OT. Intriguingly, c-fos activation was more prominent in the anteromedial cortex-like domain compared to the other cortex-like domain (Figs [5](#Fig5){ref-type="fig"} and [6A](#Fig6){ref-type="fig"}). While c-fos activation in the anteromedial domain occurred similarly in P15 mice, c-fos activation in the lateral and central domains was attenuated compared to P15 mice. This anteromedial compartment-preferential c-fos activation was further strengthened in P27 and P56 mice presented with food pellets (Figs [5](#Fig5){ref-type="fig"} and [6A](#Fig6){ref-type="fig"}). Throughout the examination, c-fos mRNA expression in the OT of control mice (without presentation of food pellets) remained low (Fig. [6A](#Fig6){ref-type="fig"}; black dots).

These observations indicated that the OT was consistently activated during food approach and consumption behaviours in postnatal mice. Furthermore, while the c-fos activation occurred in many domains in P15 mice, preferential activation in the anteromedial cortex-like domain occurred in P21 mice. This time period (P21) overlapped with the time period in which mice showed significant food-eating behaviour and became more attracted to food pellets than the lactating mother (see Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} and Discussion). c-fos mRNA expression in the cap compartments and Islands of Calleja indicated that these cell-dense structures were also activated during the approach and eating behaviour from P15 to P56, whereas structure-specific activation was not evident (Fig. [6B](#Fig6){ref-type="fig"}).

Activation of OT compartments during lactating mother-approach and suckling behaviours in postnatal mice {#Sec6}
--------------------------------------------------------------------------------------------------------

We further addressed the question of whether the OT was activated during consumption of the mother's milk in postnatal mice. Mice at P8, P15, and P21 were individually housed in a new cage for 6--16 h without their mothers or food pellets, followed by presentation of lactating mothers. After 30 min of observation, the mice were perfusion-fixed, and c-fos mRNA expression in individual compartments was analysed. Mice not presented with lactating mothers were analysed as controls. As shown in Fig. [1](#Fig1){ref-type="fig"}, all P8 mice were attracted to the mothers and attached to the mother's nipple. However, the OT did not show significant c-fos mRNA expression compared to control mice (Fig. [7A,B](#Fig7){ref-type="fig"}). By contrast, in P15 mice attached to the mother's nipple, the OT showed relatively weak, although significant, c-fos mRNA expression, and activation occurred preferentially in the anteromedial cortex-like domain. Preferential activation of the anteromedial domain was further strengthened in P21 mice attached to the mother's nipple.Figure 7c-fos activation in the OT following access and suckling of lactating mothers in postnatal mice. c-fos mRNA expression after 30 min of lactating mother presentation was examined in individual compartments of the OT at various postnatal periods. (**A**) Distribution of c-fos (+) cells in a coronal section of the anterior OT counterstained with nuclear fast red at P8, P15, and P21. L, lateral; M, medial; D, dorsal; V, ventral. Scale bar: 200 μm. (**B**,**C**) Density of c-fos (+) cells in cortex-like domains (**B**), as well as the cap compartment and Islands of Calleja (**C**). Statistical significance was calculated using two-way ANOVA with *post hoc* Tukey's test for (**B**) and an unpaired *t*-test for (**C**) (n = 4 for P8 and P15, n = 3 for P21). Black circles, control mice; blue squares, mice suckling mother's nipple. ^\*^p \< 0.05; ^\*\*^p \< 0.01; ^\*\*\*^p \< 0.001; ns, not significant. Note that the same control group data set used in Fig. [6](#Fig6){ref-type="fig"} was used in Fig. 7.

These results indicated that c-fos activation in the OT was not specific to food-pellet eating behaviour but also occurred during access to lactating mothers, and that preferential activation of the anteromedial domain was seen as early as P15 during access to lactating mothers. This suggests that, while the anteromedial OT domain was not involved in the suckling behaviour during the early neonatal period (P8 and before), this domain might have been involved in the suckling behaviour during postnatal maturation (P15 and later). c-fos mRNA expression in the cap compartments and Islands of Calleja suggested that the lateral cap compartment was activated during lactating mother-approach behaviour (Fig. [7](#Fig7){ref-type="fig"}).

Discussion {#Sec7}
==========

Here, we examined the shift in feeding behaviour in postnatal mice from mother's milk-consuming behaviour to environmental food-consuming behaviour, and the structural and functional development of the OT domains during the weaning period. Present results indicated that the acquisition of behaviours for approach to and eating of environmental food occurred concomitantly with the functional development of the OT, particularly the anteromedial domain, during the postnatal period. These results raise the possibility that the anteromedial domain of the OT plays a crucial role in the acquisition of environmental food-eating behaviour during weaning process.

Weaning period is characterised as the developmental period during which suckling and independent feeding co-exist. The present results indicated that the weaning period of mice is similar to that of rats^[@CR4]--[@CR7]^. The onset of weaning is defined as the period when pups first begin consuming food other than the mother's milk, which occurs at approximately P17 in rats^[@CR5],[@CR6]^. Our observations in mice showed similar onset of weaning, where P15 mice began to eat a small amount of food pellets (Fig. [1B](#Fig1){ref-type="fig"}). The end of weaning is defined as the period when pups cease to consume the mother's milk, which occurs at approximately P27 in rats^[@CR5],[@CR6]^. Our observations in mice showed a similar end of weaning, where P27 mice exhibited almost no attraction to lactating mothers (Fig. [1A](#Fig1){ref-type="fig"}).

We further examined the attractive behaviour of postnatal mice to lactating mothers and food pellets through individual and simultaneous presentation. Whereas P15 mice primarily depended on the mother's milk for nutrition and were more attracted to lactating mothers than food pellets, P21 mice showed significant food-eating behaviour, obtained sufficient nutrition from food pellets, and were more attracted to food pellets (Figs [1B,C](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}). Further, the latency to food pellet approach was significantly longer in P15 mice and then shortened in P21 mice as comparable to P27 and P56 mice (Fig. [1A](#Fig1){ref-type="fig"}). This transition period from P15 to P21 seems to be the critical time window when the attraction to environmental food is first acquired and strengthened, and then dominates over the attraction to lactating mothers. Thus, the knowledge of structural and functional development of the neuronal circuit for food approach and eating behaviours during this period appears to provide a basis for understanding the neural mechanism underlying the shift in the feeding behaviour during the weaning process.

Present structural and functional analyses have indicated that the OT, particularly the anteromedial domain of the OT, remains immature at birth and develops to maturity during the postnatal period. This is consistent with previous reports showing that ligand binding to D1 and D2 is low at birth and increases significantly within 1 month of birth^[@CR28],[@CR29]^, and that dopamine transporter expression is low at birth and increases postnatally^[@CR30]^. Neuronal birthdate analyses have indicated that neurons in the medial portion of the OT tend to be born later than those in the lateral portion during the late embryonic period^[@CR31]^, which might be the basis for the delayed maturation of the anteromedial domain during the postnatal period. Expression of DARPP-32 and D1 in this study suggested that development of the anteromedial OT domain was delayed until P8 and caught up with the lateral domain at P15. Thereafter, the OT at P15, P21, and P56 showed no significant structural differences.

Food approach and eating-induced c-fos mRNA expression pattern in the OT domains differed between P15 and P21. Interestingly, food pellet-induced c-fos activation was observed in all of the OT domains in P15 mice, and the c-fos activation in the lateral domain was greater than that in the anteromedial domain. By contrast, P21 mice showed preferential c-fos activation of the anteromedial domain compared with other domains, which was also the case in adult (P56) mice. This change in food-induced c-fos activation pattern in OT domains occurred concomitantly with the emergence of attractive behaviour to food pellets, raising the possibility that neuronal circuit activity that results in the c-fos induction preferentially in anteromedial OT domain is important in the acquisition of attractive behaviour to environmental food. In adult mice, c-fos induction occurs in the lateral OT domain during aversive behaviour to odour cues^[@CR24]^. c-fos activation in the lateral domain in P15 mice might represent aversive and fearful responses to unfamiliar food objects at this period. Attenuated c-fos activation in the lateral domain in P21 mice might correspond to the attenuation of aversive and fearful responses, and the increase in the anteromedial domain corresponds to acquisition of attractive responses to food objects. Further examination of lactating mother presentation showed that preferential c-fos activation of the anteromedial domain also occurred during mother's milk approach and drinking behaviours in P15 mice, indicating that mother's milk approach and drinking induces c-fos activation preferentially in the anteromedial domain in P15 mice but not in P8 mice. Mother's milk might activate neural circuit mechanism that results in the preferential c-fos activation in the anteromedial domain in P15 mice, but such neural circuits might be immature in P8 mice. P15 mice might have postnatally acquired neural circuit mechanism involving the anteromedial OT domain to approach mother's milk in addition to the innate ability to approach mother's milk.

Fasting of pups by mother deprivation does not significantly influence their milk-consuming behaviour during the initial 2 weeks following birth, whereas fasting begins to enhance milk-consuming behaviour in the third week^[@CR6]^. This report and our present observations raise the intriguing possibility that the anteromedial OT domain contributes to the fasting-mediated motivation to consume milk. The OT receives inputs from various brain regions including other olfactory cortical areas, the amygdala, and the prefrontal cortex^[@CR32]--[@CR35]^ whose functions may be influenced by nutritional state-dependent signals in coordination with the hypothalamus^[@CR36]--[@CR38]^. Following maturation at P15, the anteromedial OT might be involved in nutritional state-dependent attractive motivation of feeding.

On the other hand, the OT is unlikely to be involved in milk-consuming behaviour during the early neonatal period until P8, because the OT was structurally immature and was not activated by lactating mother presentation during this period (Figs [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [7](#Fig7){ref-type="fig"}). While neural circuits responsible for the early attraction to lactating mothers have not yet been identified^[@CR39],[@CR40]^, this notion fits the foregoing supposition that milk-consuming and food-eating behaviours are not unitary processes but independent processes, which are coincidently regulated during weaning^[@CR3]^. Comparative analyses of neural circuits for lactating mother and environmental food attraction would improve our understanding of how postnatal mice shift feeding habits and become independent from mothers.

The present results do not exclude the possibility that any brain structures other than the OT play a causal role in the weaning process. It should be also noted that the present study did not address the statistical correlation between the behavioural measures and the extent of c-fos activation in OT domains due to the limited number of mice analysed. This study nonetheless offers the basis for further addressing the contribution of the OT domain to the weaning process. Functional manipulation by opto/pharmacogenetics and cell ablation methods which have been successfully adopted also in the adult OT^[@CR18]--[@CR20],[@CR23]^ would reveal the role of the anteromedial OT domain in the weaning. Weaning is a learning process critical for the development of eating behaviours and for the food preference in adolescence and adult. In adult brain, feeding behaviour recruits various neural circuits that include the hypothalamus, orbitofrontal, insular, medial prefrontal, olfactory, gustatory cortices, and ventral striatum including the anteromedial domain of OT. Further studies of the development of these neural circuits during the weaning period would provide a fundamental knowledge for the acquisition of appropriate feeding behaviours and the development of food preferences.

Methods {#Sec8}
=======

Animals {#Sec9}
-------

All experiments were conducted in accordance with the guidelines of the Physiological Society of Japan and were approved by the Experimental Animal Research Committee of the University of Tokyo and the University of Fukui. C57BL/6 neonatal male mice were purchased from Japan SLC within 1 week after birth with their mothers, housed in plastic cages (W175 × D245 × H125 mm) with paper bedding (Japan SLC Inc., Sizuoka, Japan), and placed in isolation boxes at 26 °C under a 12 h light/dark cycle with the lights turned on at 5:00 A.M. The mice were housed with their mother and littermates until postnatal day 27 (P27), when the mother was removed and the mice were housed in a group of littermates. The mice were fed with food pellets for laboratory animals (MF, Oriental Yeast) and the same food pellets were used in the following behavioural assays.

Presentation of the feeding object {#Sec10}
----------------------------------

Prior to presentation of the feeding object and behavioural analyses, mice at different ages (P8, P15, P21, P27, and P56) were individually housed in a plastic cage (W175 × D245 × H125 mm) which was placed in an isolation box. P8, P15, and P21 mice were fasted for 6 h, P27 mice were fasted for 8 h, and P56 mice were fasted for 16 h in the plastic cage. Then, either the mother which was anaesthetised by intraperitoneal sodium pentobarbital injection or one food pellet was delivered in the cage and placed near the P8 mice or the inlet-sided end of the cage (the side near the isolation box door) for the elder mice. The mothers were placed in a supine position, allowing exposure of their nipples. Mouse behaviour at the time of delivery was recorded with a digital video camera and the 30 min period starting from the delivery was analysed (Fig. [1A](#Fig1){ref-type="fig"}). In Fig. [2](#Fig2){ref-type="fig"}, the mice were individually housed and fasted as described above. Then, the anaesthetised mother and one food pellet were simultaneously delivered near the P8 mice or placed separately at either of the two inlet-sided corners of the cage for the elder mice. In Figs [5](#Fig5){ref-type="fig"}--[7](#Fig7){ref-type="fig"}, the mice were habituated to individual housing and fasting for 1--2 days prior to presentation of the feeding object and behaviour and c-fos mRNA expression analyses. Then the mice were subjected to the same housing, fasting, and food delivery conditions as in Fig. [1A](#Fig1){ref-type="fig"}, and anaesthetised for fixation 30 min after food delivery. The control mice in Figs [5](#Fig5){ref-type="fig"}--[7](#Fig7){ref-type="fig"} were subjected to the same housing and fasting conditions with no food delivery, and anaesthetised for fixation at the same time point as the food-delivered mice.

Behavioural analyses {#Sec11}
--------------------

The recorded mouse behaviour was visually analysed by the experimenters. In Figs [1A](#Fig1){ref-type="fig"} and [5](#Fig5){ref-type="fig"}--[7](#Fig7){ref-type="fig"}, mice that exhibited nipple suckling or the consumption of food pellets even once in the 30 min following delivery were categorised as suckling (+) or eating (+). The duration mice spent sucking nipples or eating food pellets was also measured (Fig. [2](#Fig2){ref-type="fig"}).

Assay of food consumption and body weight with maternal deprivation {#Sec12}
-------------------------------------------------------------------

In Fig. [1B,C](#Fig1){ref-type="fig"}, mice at different ages (P8, P15, and P21) were individually housed in a plastic cage (W175 × D245 × H125 mm). Five to six food pellets and water in a 6 cm petri dish were placed in the cage. The weights of the mice and food pellets were measured every 24 h. The difference in food weight was considered the weight of the diet consumed by the mice (Fig. [1B](#Fig1){ref-type="fig"}). The control mice in Fig. [1C](#Fig1){ref-type="fig"} were housed with their mother and littermates.

Sample preparation for histochemistry {#Sec13}
-------------------------------------

Neonatal mice (P3--P8) were anaesthetised on ice. Mice older than P15 were anaesthetised by intraperitoneal injection of sodium pentobarbital and transcardially perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA). The brain was removed from the skull, immersed in 4% PFA in 0.1 M phosphate buffer (PB) overnight, and transferred to 30% sucrose in RNase-free 0.1 M PB. The brain was embedded in OCT compound (Sakura Finetechnical), frozen at −80 °C, and sliced into coronal sections with a thickness of 25 μm using a cryotome. Sections were rinsed in RNase-free PBS and 0.1 M PB, mounted on slide glasses (CREST; Matsunami Glass Ind., Ltd.) using a paint brush, dried overnight in a vacuum desiccator, and stored at 4 °C until further analyses.

RNA probe preparation for *in situ* hybridisation {#Sec14}
-------------------------------------------------

Plasmid templates for *in vitro* transcription of dopamine receptor type 1 (D1) and type 2 (D2) mRNA, and c-fos mRNA, were kindly provided by Dr. Kazuto Kobayashi^[@CR41]^ and Dr. Hirohide Takebayashi, respectively^[@CR42]^. We prepared digoxigenin (DIG)-labelled RNA probes for c-fos, D1, and D2 mRNA using an *in vitro* transcription kit (Roche) according to the manufacturer's instructions.

*In situ* hybridisation {#Sec15}
-----------------------

For Figs [3B](#Fig3){ref-type="fig"}, [5](#Fig5){ref-type="fig"} and [7A](#Fig7){ref-type="fig"}, *in situ* hybridisation for D1, D2, and c-fos mRNA was performed as previously described with modification^[@CR42]^. Briefly, coronal sections were fixed in 4% PFA, digested with proteinase K (10 μg/mL) for 30 min, and post-fixed in 4% PFA. Following pre-hybridisation, sections were incubated overnight at 60 °C with DIG-labelled RNA probes. After stringent washing, blocking was performed using 10% normal sheep serum, 1% bovine serum albumin, and 0.1% Triton X-100 in PBS. Then sections were incubated overnight at 4 °C with alkaline phosphatase-conjugated anti-DIG antibody (1:1000 dilution; Roche). Sections were washed in MABT (100 mM maleic acid, 150 mM NaCl, and 0.1% Tween 20) followed by alkaline phosphatase buffer (100 mM NaCl, 100 mM Tris-HCl, pH 9.5, 50 mM MgCl~2~, 0.1% Tween 20, and 5 mM levamisole). Sections were treated with NBT/BCIP (Roche) mixture at room temperature in the dark for colour development. In Figs [5](#Fig5){ref-type="fig"} and [7A](#Fig7){ref-type="fig"}, sections were counterstained with nuclear fast red (Vector). Then the sections were dehydrated in ethanol, cleared in Xylene, and mounted in Mount Quick (Daido Sangyo).

Immunohistochemistry {#Sec16}
--------------------

In Fig. [3B](#Fig3){ref-type="fig"}, rabbit anti-DARPP-32 monoclonal antibody (1:400 dilution; Abcam ab40801) and Cy3-conjugated secondary antibody (1:400 dilution; Jackson ImmunoResearch) were used. Sections were incubated with the appropriate antibodies, counterstained with NeuroTrace Green (Thermo Fisher Scientific) and 4′,6-diamidino-2-phenylindole, and mounted in PermaFluor (Thermo Fisher Scientific).

Reconstruction of domain structures of the OT {#Sec17}
---------------------------------------------

We used Neurolucida (MBF Bioscience) to visualise the domain structure of the OT (Fig. [3A](#Fig3){ref-type="fig"}), and used the same criteria as a previous report for classification of each domain for all ages analysed^[@CR24]^ (P3, P8, P15, and P56). Serial coronal sections of the OT (20 μm thickness) from its rostral tip were selected at the rate of one in every two, and the selected sections were analysed. The coronal sections were immunostained with anti-DARPP-32 and anti-NeuN antibodies (data not shown). In each coronal section, we delineated the cap compartment, Islands of Calleja, and cortex-like domains. Cap compartments were identified as a dense cell structure that protruded toward the surface or lateral edge of the OT. Islands of Calleja also represented a dense cell structure located in the superficial layer of the anteromedial OT and deep layer of the central OT. Immunoreactive cap compartments and immunonegative Islands of Calleja were differentiated by DARPP-32 immunostaining. After confirming that the spatial distribution of cap compartments and Islands of Calleja were similar among the different mice, they were identified and discriminated using nuclear fast staining from the cell size, cell density, staining intensity, and spatial localisation, and used as landmarks for OT domain mapping. Cortex-like regions were divided into four domains based on the distribution of cap compartments and Islands of Calleja. If the cortex-like regions were continuous at the gaps of the cap compartments or Islands of Calleja, the boundaries of cortex-like domains were defined by imaginary lines linking the centres of those compartments.

Image acquisition and quantification {#Sec18}
------------------------------------

Sections were examined with a bright field microscope (BX51; Olympus, Tokyo, Japan) with the Neurolucida system (MBF Bioscience) (Figs [3B](#Fig3){ref-type="fig"}, [5](#Fig5){ref-type="fig"} and [7A](#Fig7){ref-type="fig"}) and a fluorescent microscope (BZ-X710; Keyence) (Fig. [3B](#Fig3){ref-type="fig"}). To quantify cell density, the area of each domain was delineated and the number of cells was counted using the Neurolucida system. To quantify signal intensity, the area of each domain was delineated and the mean value of the intensity was measured with Photoshop CS6 (Adobe).

Statistical analyses {#Sec19}
--------------------

Comparisons of latency to food objects (Fig. [1A](#Fig1){ref-type="fig"}), body weight (Fig. [1C](#Fig1){ref-type="fig"}), time spent in suckling and eating behaviours (Fig. [2B](#Fig2){ref-type="fig"}), cell density (Fig. [4A](#Fig4){ref-type="fig"}), signal intensity (Fig. [4B--D](#Fig4){ref-type="fig"}), and density of c-fos (+) cells (Figs [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"}) were performed with GraphPad Prism 6 (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Differences were considered significant at p \< 0.05.Table 1Statistical results for Figs [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"} and [4.](#Fig4){ref-type="fig"}Figurestest usedF or t value and degrees of freedomp value1A, middleone-way ANOVAF (2, 20) = 1.565P = 0.23371A, rightone-way ANOVAF (3, 33) = 15.15P \< 0.00011C, lefttwo-way ANOVAF (3, 32) = 0.8029 for agesP = 0.5015F (1, 32) = 61.84 for maternal deprivationP \< 0.0001F (3, 32) = 25.55 for interactionP \< 0.00011C, middletwo-way ANOVAF (6, 56) = 43.22 for agesP \< 0.0001F (1, 56) = 154.8 for maternal deprivationP \< 0.0001F (6, 56) = 3.363 for interactionP = 0.00671C, righttwo-way ANOVAF (6, 56) = 103.1 for agesP \< 0.0001F (1, 56) = 3.507 for maternal deprivationP = 0.0664F (6, 56) = 0.2944 for interactionP = 0.93712B, leftone-way ANOVAF (4, 45) = 39.92P \< 0.00012B, rightone-way ANOVAF (4, 45) = 26.62P \< 0.00014A, P3one-way ANOVAF (3, 8) = 1.594P = 0.26544A, P8one-way ANOVAF (3, 8) = 0.03396P = 0.99104A, P15one-way ANOVAF (3, 8) = 0.1996P = 0.89374A, P56one-way ANOVAF (3, 8) = 0.6267P = 0.61774B, P3one-way ANOVAF (3, 8) = 43.45P \< 0.00014B, P8one-way ANOVAF (3, 8) = 0.2031P = 0.89144B, P15one-way ANOVAF (3, 8) = 1.199P = 0.37044B, P56one-way ANOVAF (3, 8) = 0.0769P = 0.97074C, P3one-way ANOVAF (3, 8) = 32.36P \< 0.00014C, P8one-way ANOVAF (3, 8) = 5.36P = 0.02574C, P15one-way ANOVAF (3, 8) = 0.5164P = 0.68254C, P56one-way ANOVAF (3, 8) = 0.02346P = 0.99474D, P3one-way ANOVAF (3, 8) = 0.5496P = 0.66244D, P8one-way ANOVAF (3, 8) = 1.474P = 0.29314D, P15one-way ANOVAF (3, 8) = 0.4115P = 0.74934D, P56one-way ANOVAF (3, 8) = 0.9912P = 0.4446Table 2Statistical results for Figs [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"}.Figurestest usedF or t value and degrees of freedomp value6A, P8two-way ANOVAF (3, 24) = 0.9027 for domainsP = 0.4543F (1, 24) = 5.099 for pelletsP = 0.0333F (3, 24) = 4.122 for interactionP = 0.01726A, P15two-way ANOVAF (3, 32) = 12.62 for domainsP \< 0.0001F (2, 32) = 149 for pellets, eatingP \< 0.0001F (6, 32) = 11.63 for interactionP \< 0.00016A, P21two-way ANOVAF (3, 24) = 22.68 for domainsP \< 0.0001F (1, 24) = 80.24 for eatingP \< 0.0001F (3, 24) = 12.64 for interactionP \< 0.00016A, P27two-way ANOVAF (3, 24) = 87.94 for domainsP \< 0.0001F (1, 24) = 165 for eatingP \< 0.0001F (3, 24) = 59.27 for interactionP \< 0.00016A, P56two-way ANOVAF (3, 24) = 35.49 for domainsP \< 0.0001F (1, 24) = 131.9 for eatingP \< 0.0001F (3, 24) = 25.28 for interactionP \< 0.00016B, P8 lateral capunpaired t-testt = 3.572 df = 6P = 0.01186B, P8 superficial ICjunpaired t-testt = 1.384 df = 6P = 0.21566B, P8 deep ICjunpaired t-testt = 2.284 df = 6P = 0.06256B, P15 lateral capone-way ANOVAF (2, 8) = 4.648P = 0.04586B, P15 superficial ICjone-way ANOVAF (2, 8) = 0.9599P = 0.42306B, P15 deep ICjone-way ANOVAF (2, 8) = 2.646P = 0.13126B, P21 lateral capunpaired t-testt = 2.478 df = 6P = 0.04796B, P21 superficial ICjunpaired t-testt = 1.788 df = 6P = 0.12416B, P21 deep ICjunpaired t-testt = 1.851 df = 6P = 0.11376B, P27 lateral capunpaired t-testt = 2.954 df = 6P = 0.02556B, P27 superficial ICjunpaired t-testt = 2.633 df = 6P = 0.03896B, P27 deep ICjunpaired t-testt = 2.537 df = 6P = 0.04436B, P56 lateral capunpaired t-testt = 19.81 df = 6P \< 0.00016B, P56 superficial ICjunpaired t-testt = 4.77 df = 6P = 0.00316B, P56 deep ICjunpaired t-testt = 5.324 df = 6P = 0.00187B, P8two-way ANOVAF (3, 24) = 6.108 for domainsP = 0.0031F (1, 24) = 0.164 for sucklingP = 0.6891F (3, 24) = 2.647 for interactionP = 0.07207B, P15two-way ANOVAF (3, 24) = 13.56 for domainsP \< 0.0001F (1, 24) = 13.25 for sucklingP = 0.0013F (3, 24) = 8.65 for interactionP = 0.00057B, P21two-way ANOVAF (3, 20) = 25.99 for domainsP \< 0.0001F (1, 20) = 40.41 for sucklingP \< 0.0001F (3, 20) = 16.55 for interactionP \< 0.00017C, P8 lateral capunpaired t-testt = 3.679 df = 6P = 0.01037C, P8 superficial ICjunpaired t-testt = 1.203 df = 6P = 0.27427C, P8 deep ICjunpaired t-testt = 1.613 df = 6P = 0.15787C, P15 lateral capunpaired t-testt = 4.247 df = 5P = 0.00817C, P15 superficial ICjunpaired t-testt = 1.564 df = 5P = 0.17877C, P15 deep ICjunpaired t-testt = 3.63 df = 5P = 0.01517C, P21 lateral capunpaired t-testt = 4.07 df = 6P = 0.00667C, P21 superficial ICjunpaired t-testt = 0.2187 df = 6P = 0.83417C, P21 deep ICjunpaired t-testt = 0.6948 df = 6P = 0.5132
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